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Out-of-plane micro-force function generator based on polymeric thermal actuators for modifying micro-deformation Many micro-electro-mechanical multilayered structures are always subject to residual stress and cause deformation easily. The induced mechanical deformation will directly affect the performance of these devices. To improve the performance, this deformation should be controlled or eliminated. This letter proposed an out-of-plane micro-force function generator by employing polymer SU-8 thermal actuators array to modify the out-of-plane micro-deformation. The electro-thermal actuator tends to have relatively large displacement in actuation direction at low driving voltage (reaching as high as 2.94 lm in actuation direction at 6 V), and this proposed micro-force function generator is able to achieve accurate modifying of out-of-plane micro-deformation. V C 2013 AIP Publishing LLC.
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In many micro-electro-mechanical multilayered structures, the deformation caused by residual stress or thermal mechanical stress is of great concern since it directly affects the performance, 1-3 resulting in frequency change, 4, 5 bias, and scale factor drift [6] [7] [8] or even breakage of the structure. 9 Numerous studies have elucidated the basic thermomechanical response of MEMS devices. 3, 5, 10 The out-ofplane deformation due to misfit strains is a critical issue, and it should be controlled and maintained at a level low enough to avoid impact to the performance.
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There are vast literatures on topics relating to the deformation, dimension, and stress control. [12] [13] [14] [15] [16] A MEMS thermal actuators system comprised of three chevron-type 1D motion thermal actuators was presented and this actuator system was capable of delivering relatively large forces and displacements. 12 However, many types of these proposed control methods are aimed at modifying the in-plane deformation. [12] [13] [14] To improve the performance, it is also important to rectify the outof-plane microdeformation by controlling or eliminating the residual stress effect. 15 Potential ways for controlling the outof-plane deformation have been proposed. Yoshiaki fabricated a self-supported wavelength-selective variable-reflection filter driven by four micro-thermal actuators to realize out-of-plane motion, 16 however, the filter can only move downward or upward in parallel which is insufficient for modifying out-ofplane deformation. Piezoelectric actuators for deformable mirror with a stroke of about 4.5 lm were introduced, whereas requiring an operating voltage as high as 100 V. 17 Also, it is difficult to obtain high quality PZT (Plumbum Zicronate Titanate) thick films that are dense enough using conventional preparation. Electrostatic actuators have characteristics of precise position and short response time. However, they can control the position within only one-third of the initial gap and the structure is complex. 16 Thus, modifying the out-of-plane micro-deformation of the MEMS structure from initial to zero at lower operating voltage and high efficiency is of great importance. 18, 19 Thermal actuation has advantages over other types of micro-actuation, which features compactness, high force, and low driving voltage. One obvious advantage of the electro-thermal actuators is that it can provide large force and displacements at CMOS comparative voltage/current and is very easy for incorporation with other MEMS devices. 20, 21 Recently, polymeric thermal actuators are of great interest in MEMS technology and are proposed to achieve accurate position and shape controlling. 22 SU-8 epoxy is very suitable for use with thermal actuators as the thick-film resist does not soften at elevated temperatures and cause better cross-links at higher temperatures. Also, SU-8 has a high coefficient of thermal expansion (CTE 150 Â 10 À6 /K, almost 60 times larger than that of silicon, 2.6 Â 10 À6 /K), which is very suitable to be used as a thermal expansion material. [22] [23] [24] Hence, an out-of-plane micro-force function generator (MFFG) is fabricated based on polymeric thermal actuators array (PTAA), which is capable of producing large displacement at low driving voltage (CMOS comparative voltage). Also, special microdeformation of MEMS substrate can be modified or realized by this out-of-plane MFFG.
In this letter, we proposed a technique by employing an out-of-plane MFFG to rectify the microdeformation due to mechanical stress. Schematic view of the setup is depicted in Fig. 1 . This MFFG was fabricated based on PTAA, which utilizes SU-8-2100 as the main functional material and thin Ti/Al film as microheater. The numerical analysis of the PTAA was implemented with ANSYS based on an electricalthermal-mechanical coupled simulation. Also, the characterization of the MFFG was evaluated. Experimental results showed that the MFFG was able to achieve accurate rectification of MEMS substrate deformation. This letter mainly describes the design, simulation, and characterization of the out-of-plane MFFG. Since there is no current or lower current pass through, there will be only joule heat generated by those electrodes which experience currents and the PTAA will push differently according to the distribution of the applied electric currents. Thus, the out-of-plane mechanical deformation of the deformable silicon plate above the PTAA would be rectified.
The finite-element software ANSYS is used to simulate the performance of the proposed electro-thermal actuator element. The success in modeling depends, to a large extent, on the accurate data of material properties, which is particularly true for the electro-thermal-mechanical coupled analysis. The material properties used in the present models are summarized in Table I , which are based on the data available in the literatures. 22, 23, 25, 26 Due to the small size of the microheater, in our analysis, the heat conduction through the substrate dominated the micro-heater heat loss while the heat convection and heat radiation losses can be negligible. 26 Simulation results showed that a stroke of about 4.573 lm can be obtained when 6 V driving voltage was applied to the microheater of the PTAA unit, as shown in Fig. 3 . As elucidated in the finite element model, the micro-heater maximum local temperature changes as a function of the supply voltage, which follows a logarithmic trend. In Fig. 3 , the microheater maximum local temperature can reach as high as 900 K at 6 V.
This out-of-plane MFFG is fabricated using a threemask process, which mainly consists of three basic steps. The fabrication started with a 500 lm thick Pyrex glass substrate. First of all, a metal layer of Ti with thickness of 200 nm and a metal layer of Al with thickness of 70 nm was deposited and patterned to form the zigzag microheater (Fig. 3) . Here, the Ti layer acts as both the resistor and the adhesion layer, while the Al layer act as both the conductor and contact pad. The defining of the thermal SU-8 expanders array started with spin-coating of SU-8-2100 (intended thickness of 200 lm) on Pyrex glass substrate with fabricated microheaters. Then the SU-8 layer was soft baked and exposed to UV light using a designed mask to define the SU-8 expander (Fig. 5(a) ). In preparation for the final step, a silicon wafer (with thickness of 180 lm) was mounted to the PTAA using an epoxy (heat treatment for 3 h at 100 C). To validate the theoretical and numerical models, experiments are carried out by using a sample MFFG. The primary measured data mainly include the operating temperature, tip displacement, response time, and deformable surface image. To test the analytical results, the experimental testing was mainly focused on an 8 mm long, 8 mm wide, and 180 lm thick deformable silicon plate.
Operating temperature is a key parameter for thermal actuators, as it may affect the performance of these devices. (Fig. 1(b) ) with a deformable silicon layer. The average operating temperature was monitored through an active infrared radiation temperature meter (IRM-320, Shanghai Infrared Opto-electronics Technology Co., Ltd). In order to characterize the sample, a DC voltage is applied which is ramped from 0 to 6 V with a 1 V step. The measurement is performed 6 min after the voltage is applied to allow sufficient stabilization. Fig. 4(c) shows the working temperature of the actuator in air versus the applied voltage. The average operating temperature is 80 C when a voltage of 6 V is applied (seen in Fig. 4(d) ). Also the operating temperature of the SU-8 expander with and without silicon die was measured, and the experimental result is shown in Fig. 4(a) . When voltage is applied, the internal generated joule heat is efficiently transferred to the surrounding polymer through the interface, and cause expansion in the constrained polymer. As polymer SU-8 is thermally insulated (thermal conductivity, 0.2 W/mK), the operating temperature of the top surface of PTAA element is lower, which is about 73 C at 6 V. Electro-thermal-mechanical behaviors under resistive heating are performed. A voltage difference across the heater would cause a current, and consequently, a temperature rise and thermal expansion. The electrical induced displacement of a typical PTAA unit was measured using a noncontact laser displacement Sensor (LK-G10, Keyence Corp.). The variation of the driving voltage with the deflection amplitude of the actuator unit is shown in Fig. 5 . A movement up to 2.94 lm at 6 V is measured. It is compared that the trend of the simulation result is similar to that of the measured ones. However, they still have a maximum 35% deviation in magnitude. The primary error source comes from the ignorance of the thermal conduction due to air and the variation of material properties to the simulation model.
However, when a deformable plate is mounted, an additional force F will be applied to the PTAA unit as shown in Fig. 2(b) . The induced displacement can be obtained by comparing the captured images before and after electrical activation. Thus, when the center PTAA element was driven the static displacement and the out-of-plane deformation of the MFFG can be measured by a non-contact optical interferometer (Verifire Asphere, Zygo Corp.). The stroke is reduced from 2.94 lm to about 0.66 lm at 6 V when an 180 lm thick silicon membrane was assembled. The main reason is the low Young's modulus (4.02 Gpa) of polymer SU-8, which is almost 40 times softer than that of silicon. Fig. 6 shows typical optical images of the vertical thermal actuators array with an integrated deformable plate at different driving voltages, which demonstrate that the MFFG can be operated effectively.
The response time of the presented MFFG is estimated from the variation of the micro-heater resistance and thermal-mechanical deformation. First, the response time of the electro-thermal actuator operating in air is obtained by investigating the time-resolved electrical resistance of the zigzag Ti/Al micro-heater. Fig. 7(b) shows the corresponding resistance change due to an applied single-step voltage from 0 V to 4 V. The resistance reached 98% of full range steady state after approximately 150 ms. Also, the electro-thermal induced mechanical deformation was measured. The result of the sampling measurements is shown in Fig. 7(c) . The graph shows that the transient change in tip displacement (single-step voltage 0 V -4 V applied) reached 98% of full range steady state for about 5 s. The experimental results showed that the tip displacement increases more slowly than that of the electrical resistance, which is mainly due to the low thermal conductivity of polymer SU-8-2100 (0.2 W/mK).
The polymer SU-8 actuators array was driven using a multi-channel voltage circuit board. When the PTAA was driven by different distributed voltages, the continuous silicon deformable layer would present different shape and flatness. Thus, special micro-deformation of MEMS substrate can be modified or realized by applying special distributed voltages. Here, we select H-type distributed (seen in Fig. 8(a) ) SU-8 actuators array and consequently the saddle shape can be obtained, see Fig. 8(b) . Also, the A-A surface/ wavefront profile at different voltages are shown in Fig. 8(c) .
In conclusion, we have presented an original outof-plane MFFG which was fabricated utilizing polymeric SU-8-2100 (Microchem Crop. USA) as the main functional material and thin film Ti/Al electrode layer as the microheater. The polymer SU-8-2100 has a high coefficient of thermal expansion (150 Â 10 À6 /K, almost 60 times larger than that of silicon, 2.6 Â 10 À6 /K), which is very suitable to be used as an expansion material. Experimental testing has been performed to characterize the proposed MFFG and verify the finite element modeling. This out-of-plane MFFG tends to have relatively large displacement, reaching as high as 2.94 lm in actuation direction at 6 V (which is far lower than that of PZT actuators). However, the displacement reduced to about 0.66 lm/0.28 lm when an 180 lm thick silicon layer was mounted above the PTAA due to the low Young's modulus (4.02 Gpa) of polymer SU-8-2100. The operating temperature of the MFFG operating in air was monitored and experimental results showed the average operating temperature is 80 C at 6 V. Due to the equilibrium between heat generation by the joule effect and heat loss by conduction, convection, and radiation, electro-thermal actuators always have disadvantages of low response speed. In our design, the response time was analysed by monitoring the transient change in micro-heater resistance and tip displacement of the SU-8 expander. Experiment results showed that micro-heater resistance increases very quickly for about 150 ms at the application of 4 V applied voltage, while the tip displacement of the SU-8 expander increases relative slowly for about 5 s. This is mainly due to the low thermal conductivity of SU-8-2100 (0.2 W/mK, while the silicon is 148 W/mK), which is electrical and thermal insulated. However, the low response time can be offset by scaling effects in microscopic systems and optimization of structures design at certain point. This research provides a more flexible technology for MEMS devices based on multilayered structures and several different materials. And we find that the microdeformation of the substrate can be rectified by employing this out-of-plane MFFG. 
